Mucormycosis is an emerging life-threatening fungal infection caused by Mucorales. This infection occurs mainly in immunocompromised patients, especially with hematological malignancy, transplantation, or diabetes mellitus.
Introduction
Mucormycosis is an emerging invasive fungal infection with a high mortality rate caused by ubiquitous filamentous fungi belonging to the order of Mucorales. Reported incidence of mucormucosis has increased over the years, presumably because of an increase of the population at risk and improved diagnostic tools [1] . Mucormycosis occurs mostly in the context of an immunosuppression, such as hematologic malignancy, hematopoietic stem cell transplantation (HSCT), solid organ transplantation (SOT) and diabetes mellitus. The disease is characterized by an extensive necrotizing vasculitis, resulting in thrombosis and subsequent tissue infarction. Infection is the result of inhalation of sporangiospores, inoculation of wounds or ingestion. Subsequent angioinvasion by hyphae starts with a specific interaction with endothelial cells and can result in systemic dissemination of the disease [2] .
Six distinct clinical syndromes can occur in susceptible hosts, which have been classified as rhino-orbito-cerebral, pulmonary, cutaneous, gastrointestinal, disseminated and uncommon presentations. The primary site of infection varies according to the different genera included in the order of Mucorales and to the underlying disease of the patients [3] [4] [5] [6] . In a review of 929 reported cases of mucormycosis, pulmonary mucormycosis was the most frequent form of mucormycosis in patients with hematological malignancy and HSCT, followed by sinus infection [3] . In patients with SOT, pulmonary and sinus infections had a relatively similar frequency. Rhino-orbito-cerebral infections represented the majority of infections in patients with diabetes, whereas cutaneous mucormycosis constituted half the cases of mucormycosis in persons with no particular underlying condition. Isolated cerebral mucormycosis was the most common site of infection in intravenous drug users.
Prognosis remains poor with an overall mortality estimated between 32% and 70% in different studies [3] [4] [5] [6] [7] [8] . Mucormycosis localization was associated with survival [4] .
Rhino-Orbito-Cerebral Mucormycosis (ROCM)
This is the most common clinical manifestation of mucormycosis. Infection begins with inhalation of spores that allows the fungus to spread to the paranasal sinuses. The infection can then rapidly extend to adjacent tissues: to the palate, the sphenoid sinuses, the orbits and the cavernous sinuses and eventually to the brain. Necrosis of these tissues, revealed by a black eschar, is a worrying sign of local extension (Figure 1 ). SOT, pulmonary and sinus infections had a relatively similar frequency. Rhino-orbito-cerebral infections represented the majority of infections in patients with diabetes, whereas cutaneous mucormycosis constituted half the cases of mucormycosis in persons with no particular underlying condition. Isolated cerebral mucormycosis was the most common site of infection in intravenous drug users. Prognosis remains poor with an overall mortality estimated between 32% and 70% in different studies [3] [4] [5] [6] [7] [8] . Mucormycosis localization was associated with survival [4] .
This is the most common clinical manifestation of mucormycosis. Infection begins with inhalation of spores that allows the fungus to spread to the paranasal sinuses. The infection can then rapidly extend to adjacent tissues: to the palate, the sphenoid sinuses, the orbits and the cavernous sinuses and eventually to the brain. Necrosis of these tissues, revealed by a black eschar, is a worrying sign of local extension (Figure 1 ). In a meta-analysis of 175 ROCM cases published between 1994 and 2005, diabetes mellitus was the predominant underlying condition (64% of the cases), followed by hematological malignancy (15%) and renal diseases (13%) [9] . In two different studies, Rhizopus was predominantly associated with rhino-cerebral forms [4, 5] . This finding might be explained by differences in virulence between genera in the order of Mucorales. In experimental studies, ketoacidosis has been found to predispose mice to Rhizopus spp. but not to Lichtheimia spp. infection [10] . This could be linked with the fact that the glucose-regulated protein 78 (GRP78), an endoplasmic reticulum chaperone protein of the HSP70 family, induced notably by elevated concentrations of glucose has been identified as the host receptor for R. arrhizus in endothelial cells in mice [2] .
The main presenting symptoms were unilateral facial pain (86%), multiple cranial nerve palsies (68%), periorbital edema (59%), fever (50%) and diplopia (41%) in a study of 22 patients with ROCM [11] . Three clinical signs significantly affected survival and their presence should therefore prompt urgent treatment: chemosis, sixth cranial nerve palsy and cognitive disturbances.
Rapid differential diagnosis of ROCM and bacterial orbital cellulitis (BOC), much more frequent, is crucial for prevention of extension to orbital and cerebral tissues but can be challenging as early clinical signs are similar in both diseases. In a case-controlled study comparing 14 ROCM patients with 20 BOC patients, the authors found that extraocular muscle limitation was more frequent in ROCM patients, whereas eyelid swelling occurred more often in BOC patients [12] . Although a black eschar is often considered a characteristic finding of ROCM, it is probably a late sign as none of the patients with ROCM in this study had a black eschar upon their first nasal examination. In a meta-analysis of 175 ROCM cases published between 1994 and 2005, diabetes mellitus was the predominant underlying condition (64% of the cases), followed by hematological malignancy (15%) and renal diseases (13%) [9] . In two different studies, Rhizopus was predominantly associated with rhino-cerebral forms [4, 5] . This finding might be explained by differences in virulence between genera in the order of Mucorales. In experimental studies, ketoacidosis has been found to predispose mice to Rhizopus spp. but not to Lichtheimia spp. infection [10] . This could be linked with the fact that the glucose-regulated protein 78 (GRP78), an endoplasmic reticulum chaperone protein of the HSP70 family, induced notably by elevated concentrations of glucose has been identified as the host receptor for R. arrhizus in endothelial cells in mice [2] .
Rapid differential diagnosis of ROCM and bacterial orbital cellulitis (BOC), much more frequent, is crucial for prevention of extension to orbital and cerebral tissues but can be challenging as early clinical signs are similar in both diseases. In a case-controlled study comparing 14 ROCM patients with 20 BOC patients, the authors found that extraocular muscle limitation was more frequent in ROCM patients, whereas eyelid swelling occurred more often in BOC patients [12] . Although a black eschar is often considered a characteristic finding of ROCM, it is probably a late sign as none of the patients with ROCM in this study had a black eschar upon their first nasal examination.
Abnormal paranasal sinus findings were detected on the CT scans of all 14 patients with ROCM (100%), whereas only 12 patients with BOC had sinus abnormalities (60.0%) (p = 0.011) [12] . Mucosal thickening and air-fluid level were found respectively in 13 (93%) and 1 (7%) patients with ROCM, whereas full opacification was never present. Bone destruction, extension to periorbital, intraorbital or intracranial tissues as well as vascular invasion should be particularly studied (Figure 2 ).
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Abnormal paranasal sinus findings were detected on the CT scans of all 14 patients with ROCM (100%), whereas only 12 patients with BOC had sinus abnormalities (60.0%) (p = 0.011) [12] . Mucosal thickening and air-fluid level were found respectively in 13 (93%) and 1 (7%) patients with ROCM, whereas full opacification was never present. Bone destruction, extension to periorbital, intraorbital or intracranial tissues as well as vascular invasion should be particularly studied ( Figure 2 ). Optimal therapy of ROCM requires a multidisciplinary approach that relies on prompt institution of appropriate antifungal therapy, reversal of underlying predisposing conditions, and surgical debridement of devitalized tissue [13] . The analysis on 22 ROCM patients particularly emphasized the impact of local control of infection by repeated surgical procedures on survival (on day 90.0% vs. 75% of patients had died respectively, with or without local control (p < 0.0001)) [11] .
ROCM mortality rate varies according to the extension of the infection and the timeliness of management. In a meta-analysis published in December 2018, the overall mortality rate was 41.5%, which is not significantly better than the previous series published in 1994 by Yohai et al [9, 14] . Early initiation of medical treatment was related to better survival outcomes (61% if commenced within first 12 days of presentation, compared to 33% if after 13 days). In the "RetroZygo" study, the overall 90-day mortality rate was 22% among patients with ROCM but significantly varied according to the extension of the infection: mortality was 56% in cases of cerebral involvement, 20% for sino-orbital forms and 0% for isolated sinusitis [4] .
Pulmonary Mucormycosis (PM)
Pulmonary mucormycosis is particularly associated with hematologic malignancies [15] . According to three recent studies conducted in Europe, North America and France, hematologic malignancies are the most prevalent underlying diseases in patients with PM (51%, 70% and 79% of the patients, respectively) and conversely lungs are the main location of mucormycosis in patients with hematologic malignancies (34%, 43% and 44% of the patients, respectively) [4, 6, 8] . PM is also the dominant form of mucormycosis observed in solid organ transplant recipients [16, 17] . Among patients with hematologic malignancies, key risk factors of mucormycosis have been identified. Those risk factors included neutropenia (80%) followed by corticosteroids (26%), hematopoietic stem cell transplant (24%), diabetes (18%), and graft versus-host disease (GVHD) (10%) [4] . Optimal therapy of ROCM requires a multidisciplinary approach that relies on prompt institution of appropriate antifungal therapy, reversal of underlying predisposing conditions, and surgical debridement of devitalized tissue [13] . The analysis on 22 ROCM patients particularly emphasized the impact of local control of infection by repeated surgical procedures on survival (on day 90, 0% vs. 75% of patients had died respectively, with or without local control (p < 0.0001)) [11] .
Pulmonary mucormycosis is particularly associated with hematologic malignancies [15] . According to three recent studies conducted in Europe, North America and France, hematologic malignancies are the most prevalent underlying diseases in patients with PM (51%, 70% and 79% of the patients, respectively) and conversely lungs are the main location of mucormycosis in patients with hematologic malignancies (34%, 43% and 44% of the patients, respectively) [4, 6, 8] . PM is also the dominant form of mucormycosis observed in solid organ transplant recipients [16, 17] . Among patients with hematologic malignancies, key risk factors of mucormycosis have been identified. Those risk factors included neutropenia (80%) followed by corticosteroids (26%), hematopoietic stem cell transplant (24%), diabetes (18%), and graft versus-host disease (GVHD) (10%) [4] .
Symptoms of PM are nonspecific and include fever, cough, dyspnea and chest pain [15] . Lesions typically involve the parenchyma but may extend into the chest wall, pulmonary artery, aorta, mediastinum, or pericardium. Hemoptysis can be caused by invasion of pulmonary arteries [18] . In a review of localized pulmonary mucormycosis, Lee et al. found that 97% of the cases had visible endobronchial diseases such as stenosis, erythema mucosa, obstruction of airway, mucoid secretions, polypoid mass and granulation tissue [19] .
Symptoms consistent with PM in patients with risk factors should lead to prompt realization of a high-resolution computed tomography (CT). CT findings are not specific but may be suggestive of fungal infection with nodules (with or without halo sign or reversed halo sign), mass, cavitation, micronodules and pleural effusion (Figure 3) . Notably, differential diagnosis between mucormycosis and invasive pulmonary aspergillosis (IPA) can be challenging as they share similar clinical and radiological presentations as well as host risk factors. An early pattern which seems to indicate the presence of mucormycosis is the reverse halo sign (RHS), a focal ground-glass opacity associated with a ring or crescent-shaped consolidation [20] . In a study comparing the CT scans of 24 patients with PM and of 96 patients with IPA, it was found to be more common in patients with PM (54%) than in those with aspergillosis (6%, p < 0.001), whereas some airway-invasive features, such as clusters of centrilobular nodules, peribronchial consolidations, and bronchial wall thickening, were more common in patients with aspergillosis [21] . However, in a recent study, where very early and serial thoracic CT scans were performed in neutropenic leukemic patients with PM, sequential morphologic changes could be observed: a reversed halo sign during the first 5 days of the disease followed by consolidation or nodule or mass with halo sign and, finally, central necrosis and air-crescent sign [22] . Moreover, RHS was identified in 78% of cases in neutropenic patients, whereas it was less frequent in non-neutropenic patients (31%). Reticulations inside ground-glass opacities were noticed in 87% of the cases with RHS. To differentiate PM and aspergillosis, it might also help to look for rhino-orbito-cerebral symptoms and to systematically perform a sinus scan, as sinus involvement is more frequent in mucormycosis than in aspergillosis [23] .
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Symptoms consistent with PM in patients with risk factors should lead to prompt realization of a high-resolution computed tomography (CT). CT findings are not specific but may be suggestive of fungal infection with nodules (with or without halo sign or reversed halo sign), mass, cavitation, micronodules and pleural effusion ( figure 3) . Notably, differential diagnosis between mucormycosis and invasive pulmonary aspergillosis (IPA) can be challenging as they share similar clinical and radiological presentations as well as host risk factors. An early pattern which seems to indicate the presence of mucormycosis is the reverse halo sign (RHS), a focal ground-glass opacity associated with a ring or crescent-shaped consolidation [20] . In a study comparing the CT scans of 24 patients with PM and of 96 patients with IPA, it was found to be more common in patients with PM (54%) than in those with aspergillosis (6%, p < 0.001), whereas some airway-invasive features, such as clusters of centrilobular nodules, peribronchial consolidations, and bronchial wall thickening, were more common in patients with aspergillosis [21] . However, in a recent study, where very early and serial thoracic CT scans were performed in neutropenic leukemic patients with PM, sequential morphologic changes could be observed: a reversed halo sign during the first 5 days of the disease followed by consolidation or nodule or mass with halo sign and, finally, central necrosis and air-crescent sign [22] . Moreover, RHS was identified in 78% of cases in neutropenic patients, whereas it was less frequent in non-neutropenic patients (31%). Reticulations inside ground-glass opacities were noticed in 87% of the cases with RHS. To differentiate PM and aspergillosis, it might also help to look for rhinoorbito-cerebral symptoms and to systematically perform a sinus scan, as sinus involvement is more frequent in mucormycosis than in aspergillosis [23] .
As in other forms of mucormycosis, therapy relies on the combination of medical (antifungal drugs and control of the underlying disease) and surgical treatment when necessary [13] . Mortality of PM is higher than in other localized forms of mucormycosis (48% at day 90) [4] . In a recent review, Cunninghamella spp. was mostly isolated from PM and was associated with higher mortality than other Mucorales [5] . 
Cutaneous Mucormycosis
Cutaneous mucormycosis results from direct inoculation of fungal spores into damaged skin, which may lead to disseminated disease. The reverse (dissemination from internal organs to the skin) is very rare. In a review of 929 reported cases of mucormycosis, cutaneous involvement was the third site of mucormycosis infection in terms of frequency, involving 19% of the patients [3] . Most cases were localized to the skin, but deep extension to bone or muscle occurred in 24% of the cases and As in other forms of mucormycosis, therapy relies on the combination of medical (antifungal drugs and control of the underlying disease) and surgical treatment when necessary [13] . Mortality of PM is higher than in other localized forms of mucormycosis (48% at day 90) [4] . In a recent review, Cunninghamella spp. was mostly isolated from PM and was associated with higher mortality than other Mucorales [5] .
Cutaneous mucormycosis results from direct inoculation of fungal spores into damaged skin, which may lead to disseminated disease. The reverse (dissemination from internal organs to the skin) is very rare. In a review of 929 reported cases of mucormycosis, cutaneous involvement was the third site of mucormycosis infection in terms of frequency, involving 19% of the patients [3] . Most cases were localized to the skin, but deep extension to bone or muscle occurred in 24% of the cases and hematogenous dissemination from the skin to other noncontiguous organs developed in 20% of the cases. Hematogenous dissemination from other organs to the skin was noted in only 3% of the cases. A history of rupture of the skin barrier such as trauma (40%), surgery (15%), use of dressing (15%) or burns (6%) was reported in the majority of these patients. Cases of cutaneous mucormycosis are described after natural disasters (tornado, tsunami, volcanic eruption) and blast injuries during combat [24, 25] .
It is interesting to note that post traumatic mucormycosis represented the third cause of mucormycosis in the French "RetroZygo" study (18%) and the second cause (17%) in the European study conducted at the same time. [4, 6] . It mostly affected immunocompetent patients (75% of the patients had no underlying disease in the literature review) [26] . Traffic accident (37%), domestic accident (15%) and natural disaster (13%) were the main forms of trauma. The clinical manifestations of cutaneous mucormycosis are diverse. The typical presentation of cutaneous mucormycosis is induration of the skin with surrounding erythema, rapidly progressing to necrosis (Figure 3 ). However, a nonspecific erythematous macule may also be the cutaneous manifestation of disseminated disease in an immunosuppressed patient [27, 28] . The main symptoms were necrosis (76%), redness (48%), swelling (43%), purulent discharge (23%) and moldy appearance (22%). Apophysomyces elegans, Lichthemia and Mucor species were the main Mucorales isolates. Mucorales were often associated with bacterial infection (41% of the cases), which can delay the diagnosis of mucormycosis [26] .
Skin or wound biopsies should be systematically performed as the diagnosis can be easily addressed by direct examination and culture.
Outcome is better than in other forms of mucormycosis (13-23% of mortality at day 90) [26] . Treatment is a combination of surgical procedures and systemic antifungal drugs. In RetroZygo study, surgery was performed in 94% of the cases with multiple debridements in 38% [26] . ECIL-6 recommends surgery for soft tissue disease (grade AII) in combination with amphotericin B [13] .
Gastro-Intestinal Mucormycosis
Primary gastrointestinal disease is the least frequent form of mucormycosis. It can be acquired by ingestion of contaminated food such as fermented milk and dried bread products but also be healthcare-associated with contaminated devices. The stomach has been described as the most common site of infection, followed by colon, small intestine and esophagus [29] . In a retrospective series of 31 cases, the most common form was intestinal (52%) and then gastric disease (42%) [30] . The two main underlying conditions were SOT (52%) and hematologic malignancy (35%). Gastro-intestinal mucormycosis is also described in premature neonates [31] . Abdominal pain was the most frequent presenting symptom (68%) followed by gastrointestinal bleeding (48%) and change in bowel habits (10%) [30] . Fever was present only in 19%. A larger proportion of patients with gastric mucormycosis were SOT recipients (11/13), whereas those with intestinal mucormycosis were more likely to have a hematologic malignancy (12/16) (p = 0.002). Diagnosis can be suspected on endoscopic findings showing fungal mass or necrotic lesions that overlie an ulcerated area and that can lead to perforation and peritonitis. Optimal treatment is urgent surgery combined with intravenous amphotericin B. As symptoms of gastrointestinal mucormycosis are non-specific, diagnosis is often delayed or missed and mortality remains high at 57% [30] .
Disseminated Mucormycosis
Disseminated infection is defined as infection involving at least two non-contiguous sites. In a prospective study conducted in 13 European countries between 2005 and 2007, 15% of patients presented with disseminated disease [6] . The most common sites of infection were lungs, sinus, soft tissues, central nervous system, liver and kidney. Patients with iron overload (especially those receiving deferoxamine), profound immunosuppression (such as recipients of HSCT having graft-versus-host-disease treated with corticosteroids or prolonged neutropenia) are the main groups at risk for disseminated mucormycosis. Systematic staging of the infection with cerebral MRI and sinus-thoraco-abdominal CT scan should be performed to diagnose disseminated mucormycosis. Compared with other clinical presentations, patients with disseminated disease had a highest mortality (58-79%) [4, 6] .
Uncommon Presentations
Other less common forms of mucormycosis include endocarditis, bone and joint infections, peritonitis and pyelonephritis. Notably, mucormycosis is a rare cause of endocarditis in intravenous drug users. Osteoarticular mucormycosis principally occurs after direct inoculation especially after trauma or surgical intervention [32] . Peritonitis has been described in patients undergoing continuous ambulatory peritoneal dialysis and isolated renal mucormycosis in intravenous drug users as well as renal transplant recipients [28] .
Another rare manifestation of mucormycosis is isolated cerebral mucormycosis whereas typical central nervous system mucormycosis occurs after spread from paranasal sinus location or in disseminated diseases. In a review of 68 reported cases in the literature, most patients with isolated cerebral mucormycosis had a history of intravenous drug abuse (82%) [33] . Lesions were mostly localized in the basal ganglia (71.2%). The mortality rate was 65%.
Health-Care Associated Mucormycosis (HCM)
Health-care associated mucormycosis is a matter of concern, especially in neonatology, hematological, transplantation and intensive care units with burn patients.
In a series of 169 cases of HCM identified between 1970 and 2008, major underlying diseases associated with HCM were solid organ transplantation (24%) (mostly because of graft-transmitted mucormycosis, involving 60% of SOT recipients), diabetes (22%), and severe prematurity (21%) [31] . Forty-one per cent of the cases were considered as surgical site infections (cardiovascular surgery being the most frequent procedure associated with HCM). Some other cases occurred in cluster and were linked to the use of contaminated devices (such as adhesive bandages, wooden tongue depressors, ostomy bags) or environmental reservoir (water circuitry and adjacent building construction) [31] . Recent outbreaks have been linked to contaminated hospital linens [34] [35] [36] . Skin was the most common localization (57%), followed by gastrointestinal tract (15%) in HCM [31] . Rhizopus was the most frequent genus identified (43%) as in other forms of mucormycosis.
In intensive care units, burn patients appear to be particularly susceptible to fungal infection because of the loss of the skin barrier and acquired immune deficiency. In these patients, invasive wound mucormycosis is associated with an extremely poor prognosis despite a good tissue diffusion of amphotericin B. In a single-center study conducted between 2013 and 2016 in a specialized referral burn unit, the recorded mortality was 62% for patients with invasive wound mucormycosis [37] .
Conclusions
Mucormycosis is an emerging life-threatening fungal infection characterized by host tissue infarction and necrosis that occurs mostly in immunocompromised patients. The distribution of risk factors varies across geographical regions, as hematological malignancy is the main risk factor in Europe and North America, followed by diabetes, trauma and SOT, whereas uncontrolled diabetes is the most common underlying disease found in studies in India or in Mexico [4, 6, 8, 38, 39] . Rhino-orbito-cerebral and pulmonary infections are the predominant forms. Its nonspecific clinical manifestations make differential diagnosis with other invasive fungal diseases difficult; the diagnosis is thus often delayed, which result in poor outcomes despite the availability of better diagnostic and therapeutic tools. Multidisciplinary approach is essential for prompt diagnosis and management of mucormycosis. Funding: none.
